Protein restriction during gestation can alter the skeletal muscle phenotype of offspring; however, little is known with regard to whether this also affects the neuromuscular junction (NMJ), as muscle phenotype maintenance depends upon NMJ functional integrity. This study aimed to evaluate the effects of a low protein (6%) intake by dams throughout gestation on male offspring NMJ morphology and nicotinic acetylcholine receptor (nAChR) a1, c and e subunit expression in the soleus (SOL) and extensor digitorum longus (EDL) muscles. Four groups of male Wistar offspring rats were studied. The offspring of dams fed low-protein (6% protein, LP) and normal protein (17% protein, NP) diets were evaluated at 30 and 120 days of age, and the SOL and EDL muscles were collected for analysis. Morphological studies using transmission electron microscopy revealed that only SOL NMJs were affected in 30-day-old offspring in the LP group compared with the NP group. SOL NMJs exhibited fewer synaptic folds, the postsynaptic membranes were smooth and myelin figures were also frequently observed in the terminal axons. With regard to the expression of mRNAs encoding nAChR subunits, only 30-day-old LP offspring EDL muscles exhibited reduced a, c and e subunit expression compared with the NP group. In conclusion, our results demonstrate that a low-protein diet (6%) imposed throughout pregnancy impairs the expression of mRNAs encoding the nAChR a, c and e subunits in EDL NMJs and promotes morphological changes in SOL NMJs of 30-day-old offspring, indicating specific differences among muscle types following long-term maternal protein restriction.
'foetal programming', in which environmental aggression during a critical developmental period will have permanent effects on organ structure and function (Lucas 1991; Gicquel et al. 2008) . Protein restriction during pregnancy can modify offspring skeletal muscle (Fahey et al. 2005; Zhu et al., 2006; Mallinson et al. 2007; Toscano et al. 2008; Cabec ßo et al. 2012) ; however, we do not know whether this condition affects neuromuscular junctions (NMJs). It is possible that changes in NMJ integrity are associated with muscle phenotype maintenance.
The NMJ is a specialized synapse that is designed to transmit electrical impulses from the nerve terminus to the skeletal muscle via the chemical transmitter acetylcholine (ACh) to promote muscle contraction (Hughes et al. 2006) . During embryonic myogenesis (approximately 12-14 days in mice), nicotinic acetylcholine receptors (nAChRs) are prepatterned at sites in the muscle fibre central region and are involved in motor neuron growth to form synaptic contacts (Witzemann 2006) . Synaptic transmission begins within minutes of contact between the growth cone and the myotube and is initially mediated by nAChRs expressed along the entire myotube surface (Mishina et al. 1986 ). During embryogenesis, nAChRs comprise a pentameric complex of b, d, c and two a1 subunits. During the postnatal and adult stages, the e subunit replaces the c subunit, and nAChRs are distributed in clusters (Charbonnier et al. 2003) . Following junctional fold formation, adult nAChRs are found on the shoulders of each junctional fold (Martyn et al. 2009 ), while voltage-gated sodium (Na + ) channels are highly concentrated in the postsynaptic fold depths and in the perijunctional region (Flucher & Daniels 1989) .
NMJs can be modulated by many conditions, for example age (Barker & Ip 1966; Andonian & Fahim 1988; Fahim 1997; Koirala et al. 2003; Przybyla et al. 2006) , compression, crushing and traumatic peripheral nerve sectioning (Gattuso et al. 1988) , degree of activity (Deschenes et al. 1993; Fahim 1997) and congenital myasthenic syndrome (Croxen et al. 2001) , and these changes can be observed by changes in NMJ size (Andonian & Fahim 1988; Waerhaug et al. 1992; Deschenes et al. 1993; Fahim 1997) , synaptic vesicles, nAChR dispersion (Deschenes et al. 2000; Croxen et al. 2001) and changes in the expression of mRNAs encoding nAChR subunits (Witzemann et al. 1996; Croxen et al. 2001) . These NMJ changes can alter muscle functional capacity that can in turn affect the skeletal muscle phenotype.
Recent studies demonstrated a link between foetal programming and long-term diseases, for example cardiovascular hypertension, obesity and neurodegenerative diseases (Barlow et al. 2003; Fowden et al. 2006) . Some of these diseases, for example insulin resistance (type II diabetes) and Alzheimer's (Barlow et al. 2003; Ozanne et al. 2003; Pantaleão et al. 2013) , are linked to the functional capacity of skeletal muscle. Although some studies demonstrated the effects of foetal programming on rat skeletal muscles (Mallinson et al. 2007; Toscano et al. 2008; Huber et al. 2009 ), NMJ changes in this condition are uncharacterized.
Consequently, this study aimed to evaluate NMJ morphology and nAChR a1, c and e mRNA expression in the soleus (SOL) and extensor digitorum longus (EDL) muscles of 30-and 120-day-old male offspring of dams fed a lowprotein diet (6% protein) during gestation.
Materials and methods

Ethical approval statement
Our experiment protocols used in this study were in accordance with the principles of laboratory animal care formulated by the Brazilian College of Animal Experimentation (COBEA) and according to the Guide for the Care and Use of Laboratory Animals published by the National Research Council (Clark et al. 1997) . All procedures were approved by the Biosciences Institute Ethics Committee, UNESP, Botucatu, SP, Brazil ( Protocol. 081/07-CEEA).
Dam rats
The animals had daily access to food and water ad libitum and were maintained at 23 AE 1°C with a 12 h light-dark cycle. Female Wistar rats (250 and 300 g body weight) were individually housed with males under standardized conditions. After mating, pregnancy was assessed using vaginal smears to detect sperm. Sixteen pregnant rats were isolated and randomly divided into two experimental groups; the control group was fed a normal protein diet (17% protein), and the other group was fed an isocaloric low-protein diet (6% protein) from the first to last day of pregnancy. The diets were produced in the physiology laboratory of the University of Campinas, Brazil (UNICAMP), and were developed (Reeves et al. 1993) (Reeves et al. 1993). birth (day 21) until weaning, the dams had ad libitum access to Purina standard rat chow (Labina, Brazil), which contained (w/w) 57.5% starch, 23% protein, 2.5% lipid, 9% cellulose and 8% vitamins and salts in accordance with the recommendations of the National Research Council and the National Institutes of Health, USA.
Offspring
At birth, litter sizes were standardized to eight randomly chosen pups, and each litter contained four males and four females. Although we only used male in our experiment as a way to ensure more uniform results, the female pups were maintained until weaning to maintain equal food availability for offspring. After weaning, male rats were fed standard rat chow (Purina, Labina, Brazil), containing (w/w) 57.5% starch, 23% protein, 2.5% lipid, 9% cellulose and 8% vitamins and salts ad libitum for 30 and 120 days (Table 1) .
Analysed groups
Four groups were studied: 30-day-old NP and LP and 120-day-old NP and LP. The NP groups (n = 8) included offspring born to dams fed a normal protein diet (17% protein) throughout pregnancy. The LP groups (n = 8) included offspring born to dams fed a low-protein diet (6% protein) throughout pregnancy. At 30 and 120 days of age, the offspring were euthanized ( Figure 1 ).
The rats were anesthetized with an intraperitoneal injection of a 2:1 solution of 50 mg/ml ketamine hydrochloride (Ketamine â ) and 20 mg/ml xylazine hydrochloride (Xylazine â ) (0.1 ml/100 g) and euthanized. Extensor digitorum longus (EDL) and soleus (SOL) muscles were collected and stored as appropriate for later analysis.
Ultrastructural analysis of the neuromuscular junction (NMJ): The SOL (n = 3) and EDL (n = 3) muscles were dissected, removed, carefully stretched and clamped on to plastic frames to avoid retraction during processing, and then fixed with Karnovsky fixative (2.0% glutaraldehyde and 4.0% paraformaldehyde 1:1 in 0.1 M sodium phosphate buffer, pH 7.4). The myoneural junctions were identified as described by Cardasis & La Fontaine 1987. SOL and EDL muscle regions containing NMJs were processed using routine methods for qualitative analysis by transmission electron microscopy.
Gene expression analysis of nAChRs subunits by Realtime PCR RNA Extraction. Total RNA was extracted from muscle samples using TRIzol reagent (Life Technologies, Carlsbad, CA, USA), which is based on the guanidine thiocyanate method. The frozen muscles were mechanically homogenized in 1 ml of TRIzol reagent. The isolated total RNA was resuspended in RNase-free water, treated with DNase I (Life Technologies, Carlsbad, CA, USA) to remove DNA, and quantified using a NanoDrop spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) to measure the optical density (OD) at 260 nm. RNA purity was ensured when the OD 260/280 ratio was approximately 2.0, and RNA integrity was verified by 1% agarose gel electrophoresis and observation of well-defined bands corresponding to the 18S and 28S ribosomal RNAs.
Reverse Transcription. For each sample, cDNAs were synthesized from 2 lg of total RNA using the High-Capacity cDNA Archive Kit (Life Technologies, Carlsbad, CA, USA). Each reaction contained 10 ll of 109 reverse transcription buffer, 4 ll of 259 dNTPs, 10 ll of 109 random primers, 100 units of RNase inhibitor (Life Technologies, Carlsbad, CA, USA) and 250 units of Reverse Transcriptase MultiScribe TM . The reactions were adjusted to 200 ll final volume with nuclease-free water. The cDNA synthesis reaction conditions were 10 min of primer annealing at 25°C followed by 2 h of reverse transcription at 37°C. Reverse transcriptase was omitted for a control reaction, and all of the cDNA samples were PCR-amplified to ensure the absence of DNA contamination. The resulting cDNA samples were aliquoted and stored at À20°C, and 2 ll samples (corresponding to 20 ng of total RNA) was used for real-time PCRs.
Real-time qPCR. The cDNA samples were used as the templates for real-time PCRs using a 7300 Real-Time PCR System (Life Technologies, Carlsbad, CA, USA) with universal thermal cycling conditions: 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The reactions were performed in duplicate using 0.4 lM of each primer and 29 Power SYBR Green PCR Master Mix (Life Technologies, Carlsbad, CA, USA) in a 25 ll final volume. Gene sequences were selected using the accession numbers in the National Center for Biotechnology Information database (Table 2) . Primer sequences were designed using the primer design function of the PRIMER EXPRESS v3.0 software (Life Technologies). For each gene, a series of five dilutions (10-fold dilutions) was performed on PCR products that were diluted 500 times from an initial mixture containing equal amounts of cDNA from all samples, facilitating the generation a five-point standard curve for each primer set initially chosen for qPCR. The qPCR linearities and efficiencies were calculated using the standard curve slope generated for each gene by the 7300 System SDS software (Life Technologies). Analysis of the standard curves demonstrated high linearity (r 2 = 0.99). The PCR efficiency (Ex) was calculated from the equation Ex = 10À1 À1/slope À1, where a slope of À3.32 implies a 100% reaction efficiency. All of the genes had slopes of approximately À3.32, and the efficiency estimates were between 98.0% and 100.5%. Gene expression was compared between individual samples using the DDCq method described by Livak and Schmittgen (2001) , and five reference genes were used for data normalization: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine-guanine phosphoribosyltransferase International Journal of Experimental Pathology, 2017, 98, 109-116 (HPRT), TATA box binding protein (TBP), acidic ribosomal phosphoprotein (ARBP) and beta-actin (ACTB) (Vandesompele et al. 2002) .
Statistical analysis
Differences in a, c and e subunit mRNA expression between NP and LP groups were analysed using Student's t-test for independent samples (Zar 2009) , and P ≤ 0.05 indicated a statistically significant difference. The results were expressed as the mean AE standard deviation.
Results
Ultrastructural analysis of EDL and SOL NMJs
Ultrastructural analysis of SOL and EDL NMJs from both the 30-and 120-day-old NP groups revealed expanded terminal axons in shallow and superficial synaptic gutters. The terminal axons presented regular and numerous synaptic vesicles. Figure 3c depicts a multivesicular body, which is a result of normal neurotransmitter reabsorption. Mitochondria were also interspersed among the synaptic vesicles (Figures 2a,c and 3a,d ). At the presynaptic membrane, some dense spots (active zones) could be observed on the inner surface. The postsynaptic membrane presented many junctional folds where dense points were observed on top; these structures correspond to the nAChR-clustered region (Figures 2d and 3c) .
With regard to the SOL NMJs in the LP groups (Figure 2) , changes were more evident in 30-day-old offspring ( Figure 2b-d) than in 120-day-old offspring ( Figure 2f ). The changes were evident in the postsynaptic region as reduced junctional folds, while the postsynaptic membrane presented a smooth aspect (Figure 2b-d) . In the terminal axons, myelin figures (Figure 2b ,c) and dilated endoplasmic reticulum were frequently observed (Figure 2b,d ).
The EDL NMJ morphology was similar among NP groups of both ages (Figure 3 ).
Gene Expression of a, c and e nAChR subunits
Thirty-day-old LP offspring showed reduced expression of nAChR a, c and e subunit mRNAs in EDL muscles compared with NP offspring (P < 0.05). In 120-day-old LP offspring, only the c subunit mRNA was reduced when compared with the NP group (P < 0.05); in contrast, no changes were observed in SOL muscle expression of nAChR a, c and e subunit mRNAs at this age (Table 3) .
Discussion
Previous reports have demonstrated the effects of gestational protein restriction on rat offspring muscle morphology (Fahey et al. 2005; Zhu et al., 2006 , Mallinson et al. 2007 Toscano et al. 2008; Cabec ßo et al. 2012; Pantaleão et al. 2013) ; however, this is the first study demonstrating that protein restriction throughout pregnancy can affect morphological and molecular aspects of offspring NMJs. Morphologically, we observed a reduction in synaptic folds and the presence of postsynaptic membranes with smooth aspects in 30-day-old LP offspring. Postsynaptic membranes contain voltage-gated sodium channel-and nAChR-enriched domains (Flucher & Daniels 1989) . The voltage-gated sodium channels are distributed primarily in postsynaptic troughs and are absent from the fold crests where nAChR are concentrated. This configuration promotes muscle action potential initiation (Flucher & Daniels 1989; Wood & Slater 1997; Caldwell 2000; Hughes et al. 2006) , and NMJ changes can impact muscle contraction. The reduction in voltage-gated sodium channels in postsynaptic troughs could shorten the stimulus for muscle, and muscles that do not receive stimuli (Wadman et al. 2012) or that have non-excitable membranes may present fibre atrophy (Bierbrauer et al. 2012) . Notably, we previously demonstrated a reduction in SOL muscle weight and type I muscle fibre cross-sectional area hypotrophy in 30-day-old offspring in response to gestational protein restriction (Cabec ßo et al. 2012) . From these results, we can infer that SOL muscle hypotrophy in 30-day-old offspring (Cabec ßo et al. 2012) could in part be associated with the changes in NMJ morphology observed in 30-day-old LP offspring in the present study.
Additionally, we observed cylindrical multilamellar lipid tubes such as myelin figures in the SOL NMJs of 30-day-old LP offspring (Fathi et al. 2013) , and Huang et al. (2013) observed similar structures in the soleus muscles of rats with type 2 diabetic nephropathy in a low-protein diet model. The so-called myelin figures are reeled membranous structures consisting of phospholipids that can substitute for a cluster of dead cells. These concentric membranous lamellar formations have been associated with several conditions, for example drug administration, hormone exposure, anoxic-ischaemic conditions, a wide variety of pathological processes, ageing process, tumour cells and potent inducers of apoptotic cell death; with congenital, degenerative, metabolic and infectious diseases; and with secondary lysosomes surrounding degenerated cell organelles (Fukuhara et al. 1985; Yagihashi & Sima 1986; Castej on 2008) . We believe that in our study, the myelin figures in SOL NMJs of 30-day-old LP offspring could be related to the unbalanced nutritional condition of the dams throughout gestation. The mechanisms of myelin figure formation are not yet clearly defined (Castej on 2008) .
The expression of nAChR a, c and e subunit mRNAs in the SOL NMJs of LP offspring did not change with age. We believe that the NMJ alterations evidenced by postsynaptic membranes with smooth aspects and reduced synaptic folds did not alter the regions of clustered acetylcholine receptors in the dense points of the postsynaptic membranes.
In our study, the normal aspect of SOL muscle NMJs of 120-day-old LP offspring could be explained by an ability of the postnatal normal nutrition conditions offered to the animals to reverse the abnormal NMJ ultrastructural characteristics that presented earlier; however, the normal nutritional condition did not improve SOL muscle hypotrophy for this stage (Cabec ßo et al. 2012) .
The SOL is a slow-oxidative muscle primarily composed of type I muscle fibre and is recruited during posture maintenance. Previously, we demonstrated a reduction in SOL muscle weight and hypotrophy in type I muscle fibre in 30-day-old offspring in response to gestational protein restriction (Cabec ßo et al. 2012) . Then, we believe that the changes in SOL NMJ ultrastructure observed in 30-day-old LP offspring in the present study may be related to the SOL muscle hypotrophy in 30-day-old offspring described by Cabec ßo et al. (2012) , although we did not quantify the NMJ ultrastructural changes. Based on these results, it is possible that the malnutrition condition of the dams throughout gestation promoted earlier change in NMJ ultrastructure without altering nAChR gene expression. In contrast, the EDL NMJs of 30-and 120-day-old LP offspring did not exhibit ultrastructural changes. Surprisingly, the EDL muscles of the 30-day-old LP group did show reduced nAChR a, c and e subunit transcript levels compared with the NP group.
Muscle fibre modulation is known to accompany nAChR changes. Postnatal nAChR expression with prolonged channel open time but reduced Ca 2+ permeability and ion conductance stimulates a transition from the fast fibre type to the slow fibre types in both SOL and EDL muscles. The nAChR-induced changes in 'myogenic' and 'synaptogenic' gene expression indicate that nAChR-mediated postsynaptic signalling is linked to signal pathways that regulate fibre type composition (Jin et al. 2008) .
The EDL is a fast-glycolytic muscle comprising predominantly type IIa and IIb fibres that are recruited during nonsustained fast activities (Johnston 1985) and are relatively inactive during standing and treadmill walking. In our earlier study, we observed an increase in the frequency of EDL muscle fibre type IIB and reductions in types I and IIA/IID without alterations in muscle fibre area for the LP group compared with the NP group (Cabec ßo et al. 2012) . In view of these data, we can infer that the changes in nAChR a, c and e subunit mRNA expression observed in 30-day-old EDL muscles could be related to the muscle fibre type and modulation of the NMJs. There were no changes in a, c and e subunits mRNA expression in the EDL muscles of 30-and 120-day-old LP offspring; only levels of the c subunit transcript were reduced in the LP groups compared with the NP groups. The c subunit is most abundantly expressed during the embryonic stage and is replaced by the epsilon subunit in 12-day-old rats (Adams et al. 1995; Charbonnier et al. 2003) .
The difference observed between SOL and EDL muscles in our experiment is the result of the metabolic programming of skeletal muscle in a fibre-type-specific manner (Janovsk a et al. 2010). Aragão et al. (2014) demonstrated this association, as rats born to protein-restricted dams exhibited an increased density of type II fibres together with a reduced rate of fatty acid oxidation and glycolysis in the soleus but not in the EDL muscle. These differences could explain our observations that SOL exhibited altered morphology following hypotrophy while EDL exhibited alterations in muscle fibre frequency and some nAChRs.
In conclusion, our results demonstrate that a low-protein diet (6%) imposed throughout pregnancy impairs nAChR a, c and e subunit mRNA expression in EDL NMJs and promoted morphological changes in SOL NMJs in 30-day-old offspring, further suggesting muscle-type-specific differences following long-term maternal protein restriction.
